Introduction
Wind-driven rain (WDR) or driving rain is rain given a horizontal velocity component by the wind and falling obliquely (Blocken and Carmeliet, 2004) . WDR represents the main source of moisture and agent of deterioration for building facades (Erkal et al., 2012) .
One method of evaluating the exposure of a building façade to WDR is semi-empirical formulae. In the mid-twentieth century, it was found that the quantity of rainfall with a horizontal component that would hit a wall surface is proportional to both precipitation and wind speed (Hoppestad and Norge, 1955; Lacy and Shellard, 1962) . Subsequently, this product was used to estimate relative annual exposures across the UK (Lacy, 1976) , relevant to assessing average moisture contents in walls (BSI, 1992) and the potential for deep-seated wetting (McCabe et al., 2013; Smith et al., 2011) .
Many mechanisms that can physically alter porous building materials-such as salt migration, crystallisation stress, and biological growth-are dependent on the presence and movement of water. Additionally, intense spells are associated with rain penetration through edges of doors or windows (ISO, 2009) . For these reasons, a rain spell approach was developed by the UK Met Office and the Building Research Establishment to evaluate building exposures and relative risk for regions of the country (BSI, 1984; Prior, 1985) .
Building on the 1976 annual exposure maps (Lacy, 1976 ) and a rain spell methodology, isoline maps of wind-driven rain were produced for the UK in BS 8104:1992 (BS 8104) (BSI, 1992 ) based on hourly meteorological data from 1959 to 1991. The spell indices represent the worst spell likely to occur in any three year period. BS 8104 remains the current reference for WDR exposure in the UK. ISO 15927-3:2009 (ISO 15927) (ISO, 2009 ) was developed from the methods underpinning BS8104 as a generalised calculation procedure for assessing wind-driven rain exposure, which can be applied for time periods and locations for which appropriate data is available. The worst spell likely to occur in any three year period is represented by a percentile of the spell amounts occurring in a given time period for a specific wall orientation.
Methods based on extreme value analysis (EVA) acknowledge that weather events are rarely represented by normal distributions. Therefore, traditional statistical representations (i.e. percentiles) of weather events might be skewed by extreme random phenomena and are thus not suitable for characterising extreme WDR events. Current approaches to representing extreme wind-driven events use the Gumbel distribution (Nadarajah and Kotz, 2004) and the concept of return periods (Gumbel, 1941) . Return periods are a well-established method originally used to assess flood risk that statistically represents the probability of a certain recurrence of events. The Gumbel distribution is "perhaps the most widely applied statistical distribution for problems in engineering " (Nadarajah and Kotz, 2004, p. 13) , and frequently used for climate applications (Nadarajah, 2006) .
Return periods combined with the Gumbel distribution have been used in conjunction to evaluate extreme WDR exposure (P erez-Bella et al., 2012; Giarma and Aravantinos, 2014) . However, these studies used scalar estimations of WDR exposure, which do not incorporate wind direction and wall orientation. This is important for assessing WDR exposure in the UK, as the polar jet stream introduces strong directional trends in wind speeds and prevailing wind directions.
Accurate assessments of building exposure to extreme rainfall events (e.g. the worst spell likely to occur every three years) are a crucial component of building management. WDR spells are becoming more important with expected increases in rainfall intensity and frequency in the 21st century (IPCC, 2013, p. 23) . In a 2011 report evaluating the need for new guidance on wind-driven rain (Reid and Garvin, 2011) , BRE Scotland advised that the UK climate had not changed sufficiently to render BS 8104 irrelevant. No mention of the opacity of calculation methods is made. These changes in climate challenge the relevance and applicability of the data and methods upon which current standards are based.
This paper characterises wind-driven rain exposure for eight UK sites ( Fig. 1 ) between 1986 and 2015. It explores the frequency of occurrence of different spells as a function of annual precipitation and wall orientation. The validity of methods used in current standards to calculate the 'once every three years' spell are compared with extreme value analysis. A similar comparison to extreme value analysis to evaluate extreme WDR exposure from 1959 to 1991 assesses whether the data and methods that are the basis for BS 8104 are representative of the current UK climate. Guidance is provided on how to interpret ISO 15927-3:2009 and BS 8104:1992 for design and risk assessment.
Methods

Climate and sites
The UK has a temperate maritime climate, characterised by westerly air flows and depressions which particularly influence the western margins. Eight sites that experience different climates were selected to be studied (Fig. 1, Table 1 ). These sites exhibit individual trends in prevailing wind directions but also reflect the general prevalence of southwesterly winds (Fig. 2) .
Long-term hourly meteorological measurements for these eight sites from 1986 to 2015 were obtained from the UK Met Office (UK Met Office, 2006a,b) , and used to evaluate the current conditions of WDR exposure. Thirty years of hourly data has been used in the majority of works in the field (Fazio et al., 1995; DEFRA, 2009) and is considered the ideal period of measurements for using ISO 15927 (ISO, 2009) . Using many years of data accounts for inter-annual variability to capture the general behaviour, and 30 is the recommended length for presenting statistical parameters by the World Meteorological Organisation (Guttman, 2010) .
A secondary study period of1959 1 to 1991 was used; this enabled an evaluation of BS 8104 using periods of data comparable to that upon which it was based. For three of the study sites (Boulmer, Leuchars, and Nottingham), the appropriate data format was not available during this period. Data from the nearest sites with appropriate data were used as substitutes (Leeming, Turnhouse, and Elmdon, respectively; see Fig. 1 ). These 'proxy' sites are used to approximate the climatic conditions for Boulmer, Leuchars, and Nottingham, as they experience similar (but not identical) climates.
2.2. Calculating WDR exposure from meteorological data 2.2.1. ISO 15927-3:2009 ISO 15927 (ISO, 2009 ) specifies two procedures for providing an estimate of the quantity of water likely to impact on a wall of any given orientation. It uses at least 10 (but ideally 20 to 30) years of hourly measurements of precipitation, wind speed, and wind direction to calculate the WDR exposure.
The wind-driven rain exposure I in an hour is calculated as:
from average hourly wind speed v (m s
À1
), hourly precipitation r (mm), hourly mean wind direction D ( o ) for a specific wall orientation θ ( ). This semi-empirical formula "yields the amount of WDR passing through a vertical surface in an undisturbed airstream" (Blocken and Carmeliet, 2004, p. 1102) , and is therefore reflective of the amounts of water that are expected incident to a vertical surface, ignoring obstacles and topography. This formula for wind-driven rain loads represents a realistic estimate of the exposure of a façade, as it is derived from the average characteristics of rain drops and their aerodynamic properties (Blocken and Carmeliet, 2004) . The annual index I A is the average annual WDR exposure, defined as:
where the summation of I is taken over all hours for which cosðD À θÞ is positive for N years, i.e. wind is intersecting the wall orientation. I A is synonymous to the summation of Equation (1) meeting the condition cosðD À θÞ > 0 divided by the N years of data. The annual index I A should be used for "considering the average moisture content of exposed building material or when assessing the likely growth of mosses and lichens" (BSI, 1992, p. 4) . A spell-specific index I 0 S is calculated for periods of WDR exposure which are separated by 96 h or more of no wind-driven rain exposure:
where the summation is taken over all hours for which cosðD À θÞ is positive, i.e. wind is intersecting the wall orientation. The spell index I S represents the worst spell likely to occur in any given three year period. ISO 15927 represents I S as the 67th percentile of the I 0 S values, i.e. the value for which 33% of the I 0 S values are higher. The spell index is representative of the risk of "rain penetration through masonry, which requires a prolonged input of water" (ISO, 2009, p. 12) .
Using percentiles to represent an event with a respective rate of occurrence implies that the frequency of events in a given time period n is known. For example, if there are 60 spells occurring in one year, the worst spell likely to occur could be represented by the amount of WDR exposure below which 59 of the spell amounts may be found, i.e. 59=60 Â 100% ¼ 98:3. More generally, this percentile P is represented by ðn À 1Þ =n Â 100%. If there were 75 spells occurring in a three year period, the worst spell (highest amount) to occur in that period would be represented by ð75 À 1Þ=75 Â 100% ¼ 98:6. Therefore, the percentile representing the worst spell likely to occur in a three year period is dependent on the frequency of occurrence, i.e. how many spells are occurring. Although ISO 15927 does not use ðn À 1Þ=n to determine the percentile that represents the worst spell likely to occur in any three year period, this formula and example demonstrate the potential effect of natural variation in annual event occurrence on extreme events determined from percentiles.
Equations (1)- (3) include the wall orientation as part of the calculations. This means that the annual index and the spell index are directional metrics that do not apply to all orientations of a wall at a given site. Both I A and I S as presented here represent airfield conditions: WDR that would occur at a height of 10 m above ground level in the middle of an airfield with no other obstructions. To estimate the exposure for a specific façade, factors are provided in ISO 15927 that can be applied to the indices to account for terrain roughness, topography, obstructions, and the wall context.
BS 8104:1992
BS 8104 uses reference isoline maps to calculate WDR exposure in the UK. The reference maps divide the UK into subregions of similar WDR characteristics centred around pivotal sites. The subregions are divided further into geographical increments i to represent local variation. As in ISO 15927, the annual index I A and spell index I S are used. The procedure to determine values of I A and I S for a location is (BSI, 1992):
1. Look at the appropriate wind-driven rain map in Appendix B of BS 8104. Find the subregion in which the site is located. Find the geographical increment i for the site of interest. These increments are shown between contour lines. a Over the specified time periods. 2. Examine the rose for the particular subregion and method (I A or I S ). Each rose gives 12 values corresponding to different orientations. Select the rose value r nearest to the orientation of the façade of interest 3. Add the rose value to the geographical increment to obtain the map value of
If a site lies on a boundary of a subregion, contour, or orientation, the higher of the two figures should be taken. If desired, reducing factors can be applied to account for terrain roughness, topography, obstruction, and wall context. The map value m ¼ i þ r is provided for either the spell (m s ) or annual (m a ) index, which represents the conditions for a given wall orientation at a pivotal site, modified slightly to account for local variation. The annual index I A in L m À2 can be calculated from its respective map value
The spell index I S in L m À2 can be similarly calculated from its respective map value m S :
The formula used to estimate hourly wind-driven rain exposure in BS 8104 is a simpler representation of WDR exposure than that used in ISO 15927 (Equation (1)). It is the product of hourly velocity and precipitation with the cosine of the prevailing wind direction and the wall orientation I ¼ rvcosðD À θÞ. This provides a "reasonably precise method of comparing different sites with respect to total amounts of WDR on walls" (Lacy, 1977) , but does not estimate the actual exposure to WDR (Lacy, 1965) .
Applying extreme value analysis to WDR spell exposure
To assess extreme WDR exposure, this study applied extreme value analysis (Fisher and Tippett, 1928; Smith, 1990) . It is an established method used in environmental applications (e.g. (Smith, 1989) ) to evaluate extreme deviations from the median of probability distributions. There are two practical approaches to using this technique to evaluate weather events:
Generating an "Annual Maxima Series" (AMS) (Cunnane, 1973) , i.e. the maximum values of the weather event occurring in individual years Using the "Peak Over Threshold" method (Leadbetter, 1991) , where peak values over a certain threshold are recorded It is difficult to define thresholds for WDR exposure that would represent clear impacts on a building envelope. Penetration through masonry constructions is a complex process that is dependent on a number of variables in addition to the amount of water hitting a surface during the spell. For this reason, the AMS is more appropriate for assessing WDR events.
The AMS approach can be combined with the concept of 'return periods', a classic technique to evaluate the occurrence of extreme weather events such as floods (Gumbel, 1941) . A return period is an estimate of the likelihood of an event, which can also be thought of as an 'expected frequency'. It can be converted into a probability of exceeding that value in any given year. For example a 'once every three years' spell has the probability p of occurring in any given year equal to 1=3 ¼ 0:33. It is likely that the 67th percentile in ISO 15927 is representing the value for which 1/3 of amounts are higher. However, probabilities and percentiles should not be directly compared. A probability represents the likelihood of exceeding a spell amount in a single year within a given three-year period, but this does not imply that this value will be exceeded every three years (or in any specific three-year period). As discussed in Section 2.2.2, a percentile representing the occurrence of an extreme event is based on an amount of WDR that was exceeded once in a specific three-year period and is dependent on the number of spells.
The AMS method has previously been applied to evaluate the 'once every three years' spell in Spain (P erez-Bella et al., 2012 (P erez-Bella et al., , 2013 . The semi-empirical calculation from ISO 15927 of hourly exposure (Equation (1)) is used, with periods of 96 h or more without WDR exposure between spells. This representation is analogous to the 'wind-driven rain relationship' described by Blocken and Carmaliet (Blocken and Carmeliet, 2004) . P erez-Bella et al. used a scalar daily parameter, but defined spells as separated by 4 days (96 h) without precipitation (P erez-Bella et al., 2012 (P erez-Bella et al., , 2013 . This daily scalar value was found to correlate well with I 0 S values calculated from hourly [scalar] data. However, this method does not incorporate the directional properties of WDR spells, which are an important consideration in the UK context (see Section 2.1).
The 'expected frequency' approach can be combined with a probability distribution of extreme values, such as the Gumbel distribution (Gumbel, 1958) . In this way, it is possible to determine the spell exposure likely to be exceeded in any given three year period. One benefit of the AMS method is that the results are independent of the 'population size' (number of spells), i.e. comparisons can be made between sites and time periods that experience different numbers of spells.
Worked example of the AMS method.768 WDR spells were calculated to occur in Stornoway between 1986 and 2015 for a wall oriented north.
2 From these, the AMS values (the highest spell exposure occurring in each year) can be determined (Table 2) .
The cumulative distribution function for the Gumbel distribution is (Gumbel, 1941 (Gumbel, , 1958 :
in which x Ã is the WDR exposure likely to be exceeded in the return period. The average of the AMS values x ¼ 87:75 has a standard deviation σ x ¼ 40:19. u is the mode. α is the dispersion parameter, which is a ratio of the standard deviations of the population and a reduced variable population:
The reduced variable is only a function of the number of years N, indicated by i ¼ 1; 2; …; 30: 
for which the reduced variable data average from y ¼ 0.536 and standard deviation σ y ¼ 1.131. Therefore α ¼ σ y =σ x ¼ 0:02815. The mode u is calculated by:
A return period of three years implies a probability of occurrence p % 0:67. Therefore, the WDR x Ã that is likely to exceeded once every three years ¼ 1 À p ¼ 0:33: . This represents I S : the WDR exposure likely to be exceeded once in any given three year period. A generalised and rearranged form can be used to calculate the I S from a set of AMS values:
3. Results
Annual frequency of wind-driven rain spells
These eight sites across the UK experience an average of 14-30 WDR spells per year, depending on the annual precipitation and wall orientation (Fig. 3) . How many rain spells there are in a given year is determined by several factors. By definition, it is dependent on the grouping and frequency of precipitation, as well as predominant wind directions. Fig. 3 demonstrates that there is an inverse relationship between the average annual precipitation and the numbers of spells that occur. The higher the precipitation, the less likely it is that there will be a period of 96 h or more without any WDR exposure. In general, fewer but longer spells are experienced by south-western oriented façades, as they are hit more frequently by prevailing winds in the UK. Exposed locations such as Stornoway have fewer rain spells than other sites, as periods of 96 h or more without driving rain are less frequent due to higher annual precipitation.
For wall orientations that do not intersect with prevailing wind directions (i.e. θ ¼ 0 to 90 , northerly and easterly façades) the number of spells per year is between 24 and 30. There is a greater variation between the sites for southwestern façades (14-23) and there is consistently fewer spells occurring than on their northeasterly counterparts. If a scalar (nondirectional) index is used (e.g. (P erez-Bella et al., 2012)), fewer spells could be expected. This is because a scalar representation of WDR exposure incorporates all precipitation as WDR exposure. In contrast, a directional representation of WDR exposure allows for precipitation to occur without having WDR exposure, if the wind direction is not intersecting with a given wall orientation. The significant variation in the number of spells occurring for different sites and wall orientations demonstrates the limitations of percentile representation of extreme WDR events, since the percentiles representing extreme events are dependent on their frequency of occurrence. As well, percentiles are only accurate for determining the frequency of events if the exact number of spells occurring during the period are known. If long-term averages of annual frequency are extrapolated to a three year period, calculations resulting from percentiles will be estimations of extreme events. 15927). Then, the accurate percentile representation of the 'once every three years' spell would be the P ¼ ð54 À 1Þ=54 Â 100% ¼ 98:1. Based on accurate event occurrence at this site and orientation from 1997 to 1999 P ¼ 98:5 (n ¼ 69). In both of these cases, using n ¼ 60 would approximate, but not represent, the worst spell that occurred in these three year periods. For the sites and orientations included here, the 'once every three years' spell could be represented by percentiles ranging from P ¼ 97.6 to 98.8. In these cases, the percentiles could be heavily influenced by extreme random phenomena.
Duration of wind-driven rain spells
Based on the assessment of spell length at eight sites from 1986 to 2015, short spells are most common. The distribution of the duration of WDR spells is primarily driven by the wall orientation (and therefore prevailing wind direction), but is also dependent on the annual precipitation (Fig. 4) . By comparing Figs. 3 and 4, it can be seen that spells tend to be longer for wall orientations that experience fewer spells. Exposed regions with higher annual precipitation will have more longer spells compared to sites with lower levels of precipitation. For example, Fig. 4 shows that a south-facing façade at Stornoway experienced 40 WDR spells lasting between 1000 and 2000 h, while a façade oriented similarly at Heathrow experienced 10. Conversely, the same wall orientation in Stornoway experienced 200 spells lasting less than 100 h while its Heathrow counterpart experienced twice as many. The average time between sequential WDR spells was between 7.38 and 11.5 days. There is no clear relationship between this inter-spell time and annual precipitation, wall orientation, or prevailing wind directions.
Amount of wind-driven rain
The amount of annual indices I A;ISO15927 (as calculated from ISO 15927, i.e. Equation (2) , respectively, across the eight sites from 1986 to 2015 (Fig. 5) . This was dependent on site characteristics and wall orientations. The most extreme exposures impacted southern and western wall orientations for western coastal sites. In contrast, the exposures for northern and eastern wall orientations were more homogenous across sites.
The WDR exposures can be characterised by group properties according to the amount and distribution across wall orientations (Table 3) . The distinctions are driven primarily by a contrast between eastern and western sites, with an influence from coastal proximity. Additionally, the sites do not universally experience the highest exposures for southern and eastern wall orientations. Specifically, the eastern coastal sites (Leuchars and Boulmer) have the highest exposures for eastern façades, despite having southern and western prevailing wind directions. This is likely influenced by increased wind speeds for these orientations: even though easterly winds are occurring less frequently, they are more likely occurring in conjunction with higher wind speeds.
The I S;EVA values as determined from extreme value analysis are a significant component of the total (annual) exposure. Across all wall orientations the WDR exposure during the 'once every three years' spell is equivalent to at least 25% of the average annual exposure (I A;ISO15927 ), and can be as much 50% in Plymouth.
Applicability of current standards
Two aspects of semi-empirical WDR standards affect their applicability to current design and risk analysis: changes in climate and calculation methodologies. To assess the similarity of the data used as the basis for BS 8104 to the more recent climate, the methods described in Section 2.2.3 are employed for meteorological data from 1959 to 1991. The amount of the annual (I A;ISO15927 ) and spell indices (I S;EVA ) are compared to the equivalent indices for 1986 to 2015 (Section 3.4.1). The methods for calculating extreme event exposure are investigated by comparing the I S values from 'once every three years' spell in BS 8104 and ISO 15927 with spell amounts from extreme value analysis during both time periods.
Change in climate
BS 8104 is based on climatic data from 1959 to 1991. As BS 8104 is a current tool used for design and assessment, it is important to determine if the conditions of WDR exposure during this period are representative of a more recent climate. To this end, I A;ISO15927 and I S;EVA have been calculated for the same (or nearby) sites from 1959 to 1991. Spell index (I S;EVA ), which is the statistical 'once every three years' spell. (Fig. 6 ). More recently Plymouth experienced significantly higher 'once every three years' spell for southern and western façades, while Stornoway saw a significant decrease in these extreme events for similar façades. Valley also experienced a more moderate (100 L m À2 ) increase in the I S;EVA exposure for southern façades. The Met
Office records do not indicate any changes in the location of these monitoring stations (UK Met Office, 2006a,b) , suggesting that these changes in I S;EVA are attributable to a change in climate. The changes in I A;ISO15927 and I S;EVA represented by dashed lines in Fig. 6 are affected by local climate variation and should be taken with caution. They were calculated from different sites for the two periods due to data availability (see Fig. 1 ). This is demonstrated by the distributions of ΔI A;ISO15927 and ΔI S;EVA across wall orientations experienced at these sites' for 1959 to 1991 (Fig. 6 ). Turnhouse appears to be bimodal, with a prominent mode around 240 equal to that observed around 90 from 1986 to 2015. In 1959 to 1991 the mode of the distribution for Leeming I A;ISO15927 is shifted to 120 to 150 , contrasting that identified for
Boulmer from 1986 to 2015 centred around 90 . The distribution of spell durations and inter-spell periods do not vary significantly between 1959 to 1991 and 1986 to 2015. Although it is unknown how weather systems or the position of storm tracks are expected to change during the twentyfirst century (Murphy et al., 2009) , this supports the current consensus that weather patterns are not changing and that natural variability has a greater impact than climate change (Eames et al., 2011) . This is likely due to negligible expected change in established wind patterns in the UK, including the dominating effect of the polar jet stream.
The comparison of I A;ISO15927 and I S;EVA values between the two timelines suggests the meteorological data used to produce BS 8104 is representative of more recent characteristics of the UK climate. However, the significant changes for the country's most extreme exposures perhaps indicates that these standards might be increasingly out of date for design and risk assessment. The validity of mid-to-late twentieth century meteorological data for representing the current climate should be revisited periodically to determine whether they remain a relevant tool.
3.4.2. Evaluation of current standards' methods for calculating extreme event exposure BS 8104 and ISO 15927 include procedures to determine the 'once every three years' spell. Using the climatic data used to determine I S;EVA from extreme value analysis, the 'once every three years' spell is calculated from each of these standards. These are compared to the values of I S;EVA to evaluate their methodologies of calculating extreme event exposure.
The methods in BS 8104 and ISO 15927 are underestimating the 'once every three years' spell amounts, compared to extreme value analysis (Fig. 7) . For ISO 15927, taking the 67th percentile of I 0 S values as the 'once every three years' spell is underestimating I S exposure in the UK by roughly an order of magnitude. The reference maps used in BS 8104 are much closer to the I S;EVA values calculated from EVA. However, distances from the 1:1 ratio line in Fig. 7 can represent significant differences, and must be interpreted according to the logarithmic axis.
During both study time periods, the higher exposures of western coastal sites (Stornoway, Valley, and Plymouth) are significantly underestimated. For example, the comparison of I S values in the bottom-left The BS 8104 I S exposures calculated from 1959 to 1991 are more similar to those calculated from EVA during 1986-2015 than those calculated from the same time period. Although many aspects of the development of BS 8104 are documented (through (Lacy, 1976; Prior, 1985) etc.), how the 'once every three years' spell was determined is unclear. Without more information on this, it is difficult to discuss contrasts between BS 8104 and EVA in greater detail.
Comparing the calculated values of I S from BS 8104 and ISO 15927 with I S;EVA is one method of evaluating the amount of WDR exposure determined by these standards. Another method is to convert the I S;BS8104 and I S;ISO15927 into equivalent return periods. This can be done by taking x Ã in Equation (11) to be the calculated 'once every three years' spell from each standard. u and α are determined from the AMS series determined from extreme value analysis for that site and wall orientation. Then, the value of p can be solved for: this represents the probability that the value is exceeded in any given year. The 'equivalent return period' is represented by 1=p. In this way, the equivalent return period is indicative of a point on the probability distribution function of annual maxima as determined from AMS. If the I S calculated from a standard were equivalent to those calculated from EVA the probability of exceeding them in any given year would be 1/3, equivalent to a return period of 3 years. It should be noted that the 'equivalent return periods' are based on distributions determined from the AMS series, which do include the I S values calculated from BS 8104 and ISO 15927: these 'equivalent' values should be considered as indicative values. The probabilities of exceeding the 'once every three years' spells from ISO 15927 and BS 8104 and equivalent return periods are presented in Fig. 8 . The probability of exceeding I S as calculated from ISO 15927 in any one year is minimally variable, and is within 0.55 and 0.65. This is equivalent to a range of return periods between 1.48 and 1.81 years. The probability of exceeding I S as calculated from BS 8104 exhibits a wider range and a strong dependency on wall orientation. The equivalent return periods range between 1 and 10 for I S;BS8104 . Fig. 8 suggests that the unclear methods originally used to compute the 'once every three years' spell in BS 8104 are especially unsuitable for wall orientations that typically have higher exposures, i.e. southern and western façades.
Discussion
The results presented here demonstrate that extreme WDR events for some regions of the UK are likely underestimated by ISO 15927 and BS 8104 when compared to the extreme value analysis approach. This section provides guidance on interpreting their output and discusses their WDR indices were originally proposed and developed for comparative purposes: "The annual mean WDR index gives, it is believed, a reasonably precise method of comparing different sites with respect to total amounts of WDR on walls. It enables a designer to compare the exposure of a place with that at another with which he is already familiar." (Lacy, 1976, p. 108) . By this definition, they remain a useful tool for design, because the extreme WDR spells calculated with BS 8104 and ISO 15927 have a reasonably proportional relationship with those calculated from EVA. However, this relationship is much less applicable for sites with more extreme climates and climatic variation. In these cases, using ISO 15927 and BS 8104 could lead to substantial under-designing for building elements exposure risks.
The annual index from both standards used to indicate average moisture contents and the likelihood of biological growth remain useful tools for these purposes. For BS 8104, this is because extreme WDR exposure appears to have not changed significantly since 1959 to 1991. This is in contrast to a gradual linear increase in UK temperatures observed from 1961 to 2006 . For ISO 15927, the annual index is a non-trivial summation of a set of exposures within a year and is not influenced by percentiles or the frequency of spells.
Conclusions
This paper employed extreme value analysis by combining return periods with a Gumbel distribution to evaluate extreme wind-driven rain exposure for eight sites across the UK. It was shown that the directional aspect (i.e. wall orientation) of exposure produces significant variation in the quantity, duration, and amount of wind-driven rain spells experienced in the UK.
WDR exposure at the eight study sites from 1986 to 2015 demonstrated that the western coastal sites had high annual and spell exposure, especially for southern and western wall orientations in line prevailing wind directions. The intensity of exposure for northern and eastern wall orientations was more homogenous across the eight sites; the eastern coastal sites notably experienced the highest WDR exposure for eastern façades, demonstrating that wind speeds can have a dominating effect over prevailing wind directions.
The current standards are underestimating extreme wind-driven rain events such as the worst spell likely to occur in any given three year period when compared to a method based on extreme value analysis. In the case of BS 8104, this shortcoming is likely caused by a poorly understood methodology to identify extreme events, as current wind-driven rain exposures are not significantly different from those of the mid-to-late twentieth century for many sites in the UK. For ISO 15927, this is influenced by its protocol that incorporates percentiles. Despite this, they remain a useful semiqualitative tool for characterising annual exposure for average moisture contents and comparing relative exposures between sites.
Assessment of WDR exposure for design and risk analysis needs to incorporate methods that are not affected by random weather phenomena, such as extreme value analysis. The approach employed herein of return periods combined with Gumbel distributions and probability can be a powerful tool to evaluate extreme WDR exposure. Being able to use meteorological data to evaluate the risks posed by WDR is an importance component of efficient and effective management and conservation of the historic built environment. 
